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ABSTRACT - -

Warming and 'cooling the preoptic anterior hypothalamic area in awake,
loosely restrained rabbits was found to evoke theta xhytlmn, ’This is -
consiséentrwith preQious.studiES'indicating.that theta_rhyéhm is a
nonspecific resvonse evoked by stimulation of several sensroy modalities.
Several studies havé correlated theta‘;hythm with alertness, A neural
paﬁhway‘involviné the hypothalamus, the hippocampus, the septal-area,

and the reticular formation is pfoposed.‘ Thus, a role of this pathway may

be to alert the animal to changes in its body temperature,

-



the hippocampus shows a fhyéhmic slow wave-activiﬁy.of‘4~7 Hz termed
the theta':hythm. The theta. rhybtim was associated with rizyvthmic bursts
of pyramidal cells le). There is presently no genefal agreament on the
fel;tionship between hippocampal thata aétivity and gahaﬁiéé (10,15,33)-
However, Greenland Arduini {14) have shown that theta rhytﬁm is a non-
specific response that can be evoked'by the following stimuli: auditory,
olfactory, optic, tactile, and direct .brain stem stimulafion- Horowitz,
Sa%eh, and Kareml(l7) have shown that changes in cutaneous temperature
alone could elicit theta rhythm.

The hippocampus and the septal area havé very extensive Fiber
connectioﬁs with the principal thermoregulatory areas of the brain, ﬁ;mely,
therhyéothalamus and the midbrain (26,28)}. Although there is a good deal
of evidénce that limbic structures are involved in many of the Ffunctions
associated with the hypothalamus {6,18), the.possible rolerof the
hippocampué in temperéturerregulation haé not been stuaied. Specifically,
iﬁ'has not beenrdeterminéd vhether thermal stimulation of the body core
the?moraw@torsin the hypothalamus couid evoke theta rhythm.

The present study was undertaken t; study the possibility of eliciting
hippocampal theta rhythm by heating and cooling the hypothalamus in
1nnanesthetiéed rabbits_and in this way determine if the hipéocampus may

be involved in temperature regulation.
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Six .New Zealand white'fahbi;s {2-3 kg} were used; ‘The animal was
tranquilized with chloropromazine and anesthetized with sodium pentc-
barbital. Atropine sulfate was injected to reduce secretién~ Tﬁe
rapbit was then placed_in a stgreotaxic head holder, the skull was
exposed and burr holes wére drilled in the skull in the stéreotaxically
determipea locations (32). One pair of electrodes was stereotaxically
1owgr¢d to the hippocampus with the tip of one electrode above and Fhe
tip of the other beslow the pyramidal cell layer {sterectaxic éoordinates:
A11.0, VlOﬁO and Vv13.0, S3.5 and 84;0). The correct positioniné of the
electrodes was assured by recording characteristic evoked potentials,

In order to Go this anothex pair of electrodes was slowly lowered through
another burr hole toward the dorsal fornix (stefotaxic coordinates: ALG.5,
$1.0 and S2.0, V7.0) while.repetitive shocks {6V— 1 méé;.) were applied
across them. At the same time, éotentiélS'from each of the tmorhippocampal
electrodes with respect to a réference clip were amplified.with Grass PSil :
preamplifiers and displayed on a 565 Tek£ronix osciloscope. ﬁheﬁ the
stimulating electrodes reaéhed the fornix énd exéited actioﬁ potentials
-over it, inverted wavefprms were usually observed across‘the hippocampus.
When necessary the-vertical position of the hiﬁpocampal eléctrodes vas
adjﬁsted to obtain chéracteristic waveforms. (Fig. 1), and than the
hippocampal electrodes ware camented-in'élace. A water perfused thermode
(Fig. 2) was lowexed tﬁrough a burr hole to the preoptic/antérior
hypothaiaﬁicAarea (stereotaxic coordinates; Al8, S3.5, V13.0). A 21
.gauge étéinless steél reentry tube, with a sliver soldered.end, was
implanted into the preoptic/anterio: hypothalamic area for the inéertion

of the cupper-constantan thermocouple wire for recording the hypothalanic



tempera;u:e (steréotaxﬁc cogrdinates; AlG .0, 32 0, Vi3 O}\ This tubea

was lmolantpd qt an: anglc io hv01d deqtructlon of the' hypqthalamic tissue,
Four cortical screw electrodef were ancﬁored to the s;gll sbove the motor
corfex apd the'occipitdl cortex. &All the electrodes were'connected t; a
9 pin Cannon connector (MD1-95L1), aﬁd the cannector, fhe strews, and thé
thermode were cemented to the skull.

Five days were allowed for recovery. The rebbit was Placed in an
acéu5t£;ally and electrically ;hialded environmental chamber. AlY the
-leads to the recorder and tublng to the thermmode were threaded through
the top of the cage,

To control the hypothalamic temperature, water was ;ontinuously
circuléted at a constant flow, first through a metal coil (outsidé the
— environmental chamber) and then.through the thermoda;. The metal coil
was placed in a temperature cbntrolled&water bath (Bié; M MAcrn~ccnt¥’”}h‘
The water temperature-was adjvsted S0 tnat although the water'ﬁas
c1rcu1aL1ﬁg, the hypothnalamic temperaturs maintained the pre—exparlmental
value. To heat the hypotpalamus the meLal COll was placed in a warmesxr
wate% bath (Thelco), to cool the hypothalamus the coil wasg placed inp g
pooier water bath. The hypothalamic temperature was measured. using a
c;pper—conaLantant thermocouple inserted into the mplanted guide tube,
;nd the reference Junction was malntalned at 0® ¢ u51ng an Omega Ice P01nt
Cell. The voltage changes across Lhe two junctlojs vere recordad on a
ééckman Réil pén writer. Leads from the Caqnon connector vere attached
to the pen writer to record from the hippocampal electrodes and the cortical
electrodés;' Vhen the erxperiments were terminated, rabbits were dceply |
anesthetized with uod;.um bPentobarbital and the brains vere perfuved Wlth

10% formalin: throagh the carotid artery. The brains wvere removed firom



the skulls and sectioned to determine the locations of thermodes and
the electrodes. X-ray radiographs.were taken to show the exact location

of the implanted electrodes and thermodes in the live. anesthetized rabbit,

To make sure that the hypothalamus was still intact in the rabbits after

implantation, the rectal temperature was monitored during .heating and

-

“cooling the hypothalamus.:

.



RESULTS:

Fig, 1 shows_the'évokea potential recb;dad from ﬁwo electrodas one
above and one below the pyramidal cell lafer of the hippocampus as a
result éf fornix stimulation. These inverted waveforms indicate that.
the electrodess were PLECLSEIY placed to record act1v¢ty across the
pyramidal cell layer. Dlrferenblal recordlvg Letween these two electrodes
in an awake animal showed that a variety of stimuli can evoke tﬁeta
rhfthm {4-7 Hz) as it has been previously reported (14,17). PFig. 3 shows
theta rhythm evoked by sound,‘light, and changes in cutaneous.temperature.

Changes in the hypothalamic'temperéture of + 1°C from normal was
enough to évoke theta rhythm in awake, loossly restrained xabbits. Fig. 4
-shows theta waves evoxed by heatlng and cooling the hvoothalamus.' It shows
that during the contlnual increase or decreaae 15 the hypothalamlc
temperature of the rxabbit, thé hippocampal electrical'activity shifts from
the desynchronized, high frequency wave form to the siower, more regular
theta rhythm. In all the trials, heating or cooling the hypothalemus
caused a Significant increase in the theta activity. ?able'i shous d%ta
~from six_rabbits.

The rate of heating and céoling the hypothalamus ssemed an imporitant
_factor since slow temperature changes (less than .5°C/min) did not evoke

theta rhythm.. Highér rates of‘£emperaturelchange }1—5°C/min) vera Ffound-
to evoke theta rhythm in all arnimals in all trials.

Iin one rabbit, the ﬁypoﬁhalamic temperature was maintained 2°C above
or bealow ﬁormal for about 3b minutes. Then the hypothalamus was heated
or cooled (1°C/min) starting from that level and the hippocampa; actiﬁity
was rccorded., Table 2 shows the results from that rabbit compéred with

results using normal hypothalaric temperature. the displacement of the
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hypothalamic temperature from normal Yalug, according to the results from
. '\'\: . : ,-t' "

T

this cne xapbhit, did not ssem to aﬁfggt'the‘theta rhythm.evoked by heating

and cooling the hypothaléﬁﬁsa'gv-

L

In all rabbits, the‘locations of théfﬁod@ and the electrodess waré

S - .

found to be in the'anteriof hypothalamus/préoptic area. and sfiaddling the
hippocanpal pyramidal- cell 1éyef respactively. Fig. 5 shows 2 x-ray fadio—
graphs of the rabbit head with the therﬁode and electxodes 'in the correct
locations. | '

The hypothalaﬁus thermoregﬁlatory functions were found to be intact
despite the implantation of the thermode and the thermocoupig tube-as it

appears from Fig. 6 which shows chahges in the rectal temperature during

cooling the hypothalamus.



DISCUSSION - -

The hippocampal theta rhythm can be elicited by'heating and cooling
the skin of the rabbit within ndrmal thefmal reception.limiﬁs (175, From
Fig. dlit appeaﬁs that theta rhythm can also be elicited b& the theirmal
stimulation of body.cqre tharmoreceptors in the preoptic anterior hypo-
thalamic area, o

There is still rmuch debate concérﬁing the nature of the behavioral
correlate of theta ;hythm. Theta rhythm has bgen relateﬁ to learning

(1,10j, to memory storage {(20), to motor activity (12,33}, énd to éxousal

- {14). "Recent studies have failed to show a dleér relation bétween phases
of learning or memory storage and the different electrical patterns of the
hipéocampus {2). Horeéver, ;elating theta ?hythm.to voluntary motor acti&n
contrasts sharply with the observations tﬁaﬁ skeletal gmgcle paralys%s‘(lé)
or,norméirsleeé {2,23) ﬁo not abolish theta activity, Klemm-(l9) ohserved
that phasic muascle m&véments‘were alwéYs assoclated with;hippocampali-
theta xhythm but the latter often outlasted the cessation of_movement by
several seconds or morxe, .

A state of éhe brain which is optimum for learning, memory storage,
or voluntary motor action could be that of general alertness. Jung and
.Kornmiiller (18) were the first to note the slow wave, theta rhythm in
the rabbit hippocampus after Sensory stirmulation (2). Green and Arduini
1120) observed that theta rhythm was:agsociated with activationrof the
. reticular formation and fhey postulated that it reflected the arousal
reaction ofrthe hippocamﬁus. Tﬁey also noted that the hippocampal thefa
rhythm Qas accompanied by neccortical desynchronization and that this
inverse relationship, although not always present, was maintained duringl

rest or sleep. Sihce neocortical desynchronization is generally accepted

8<



an an index of arousal they éénsidercd it further g&idence fox correlating
th;ta rhythm with‘aroﬁsal“‘Anchel and Linésley (31 électﬁically stimulataed
.different pathways and eﬁamined EEG records for the. presence of the-
hippocampal theta activity and for tﬁeihippocampal des&nchfonized acti#ity;
Tﬁey found that induction of theta activity in the hipgocampus, in awake and
bshaving cats, by sti&ulation of the medial hypothalamus theta system
produced oriénting ané searching behavior. Blockadz of the lateral
hypqth%}amic desynchronizing systém had a similar effect upon behavior.

In contrast stimulation of the lateral hypothalamic sysﬁem or- cryogenic blockinc
of the medial hypothalamic system produced an arrest of ongoing bshavior and
- cauvsed an étten&ive fixation of géze. Reviewing the literature.on the
- hippocampal electrical activity; Bennet {5)‘stated that “the available
evidence best supports a view relating the occurrence of theta to orienting
oxr attentioﬁ." . ) -

. From data in Fig. 4;and Table 1, it is ponclu&ea that:yarmiﬁg and
cooling thé hypothalémus in awake 1ooseiy restrained xabbits evoked theta
rhythm which mnay indicate a'hippocampal-alertness response tdrchanges in
imnternal body temperaﬁure; This might be the first step for the initiation-
of thermoregﬁlatory mechanisms leading to heat preduction ox heat loss.

whe cbservation that very slow temperature changes (less than 0.5 C/min)
3iad not evoke theta rhythm might indicate therpresence of % rate sensitive
thermoreception mechanisin in the prebptic anterior hypéthalaﬁic area.
However, an alternative explanation coﬁld be the preséﬁce of a £herﬁa1
threshhbld that has td be reached in oxdex to elicit theta rhythm, and
since Eﬁaﬁges in the hypothalamic temperature lasted only for a miﬁute,
slow rates of heating or cooling did not produce temparature chaﬁges

enough to reach the threshhold, therefore did not elicit theta rhythm.

9<



g

When'tﬁe ﬁypothqlqmic.temparature wa§ maintained at 2°C above

or 2°C below normal ﬁox about 30 minutes, the hippocampal electrical

activity returned back graduallf to the desynchrdnizéd-statel Then,

when the hypothalamus was heated oxr cooled (1-3 C/min) sta;ting from

that level, th=ta Was.evoked in the samz manner as in rabhits witn ﬁormal
.hyﬁothalamic temparature (Table 2). ‘Thié preliminary expsriment on one

fabbit might indicate that theta system is respénsive to dynamic temparature

changes rather thaﬁ'to steady temparaturé.

A circuit involving the hippocampus, the hypothalamus, the septal

area, and the brain stem reticular formation is showm in Fig- 7. The
role of this circuit may be to alert the animal to changes in his body
temperature. BAlertness to changes in body £emperature may lead to the
initiation of‘thermoregulatory responsas. ‘An evidence;in support of the
existance of such a circuit comes from the observation that the hippocampal
fheta rhythm can be evoked by changes in cutansous temperature {(17) and
changes in hypothalamic temperature (Fig. 4). Further evidence comes
.from the extensive anatomical connections batween these sitructures.
Signals from peripheral and spinal cord thermorecepfors ascend in the
lateral spiﬂothalamic tract. Many second order neurons of the lateral
spinothalanic tract terminate in'thé.reticular-substaﬁce of the bulbar
and mesencephalic areas or send collaterals into theée areas {31). It

is likely that some of the descending fibers in thé midbrain tegmentum
ca_-rry.signals from the-hypothalamus themorecepfors to the reticular‘
formation (26). Signals from the brain stem reticular formation ascend
to the septal areé through  two fiber sysﬁems,-the dorsalllqngitudinal
'fasqiculus'of SchUtg and the mediéi'forebrain bundle (24), There are

“well known functional connections between septum and hippocampus through

Wr§ W FATATHRS e e
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the precommissural fornix (21); It has been qugestcd £hat the. pacemaker
for the hippocampal theta rhythm is located in the.medialxseétal area (4,30).
Septal units were féund to dischafge in.strong correlation with the hippo=-
campal theta rhythm (21,23,25), Lesions in this area were_fouﬁd to diérupt
theta rhythm (8,11). It has also been.demonst%ated_in anatomical and
electréphysiological Studies:that the‘hippocampus‘projects to the preoptic
anterior, lateral, and posterior hypothalamus and marmillary bodies via
the dorsal forni% and precommissﬁral ox pestcommissural forﬂix systems
(7,22,21,29}. Hippocampal influence couid reach the neocortex through the
postcomuissural fornix, by way of the mamrillary nuclei, mammi;lothalamic
tract, anterior thalamic nuclei, to fhe cingulate cortex to the neoccortex
" {2). Projections from the néocortex and cingulate éortex tﬁ the entorhinal
area could close the corticohippocaméal loop. Since thess arxeas receive
afferents from the major sensory systems, tﬁe pexrforant patﬁ,'frgm the
entorhinal éortex may be an indirect linﬁrbetween the various sensory
systems and the hippocarmpus {2}.

| Thermal stimulation of central or peripheral thermoreceptoxs may

send signals over this pathway as evident from the appearance of hippo-
campal theta rhythm during changes in the hypathalamic or;cutaneous
'temperature. This would alert the znimal to changes in his body temparature;
and possibly activate the hypothalamus and the cortex to‘initiate and

'coordihate physioclogical and behavioral thermoregulatory responses,

i1<
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Eigure 1.
Fiqure 2,

Figure 3,

Figure 4,

Figure 5.

Figure 6.

.Figure 7.

FIGURE LEGENDS:

Evoked potential recorded . across the hippocaméal pyramidal
ceil layer folloyiﬁg férnix stimulation,

A water perfused thermode- for heaﬁing ana cqoling the
hypothalamué;h

EEG recotds. from electrodes on each side of area CA. of the

3

hippocampus:(lower trace) angd acréSS'two cortical electrodes

(upper trace).in the unanesthetized rabbit, Thets waves are

present following warming the ear skin, the onset of a tone
ox a light,:
EBG records from elect¥rodes on each side of area CAB of the

hippocampus (labeled H) and across two cortical elecizodes

"(labeled C) in unanesthetized rabbit. Theta waves are

present following warming or cooling the h?pothalamus at
a rarve of 2°C/min for one minute.

X~ray radiographs of the rabbit's head, side view {z2). and
front view (b}, showing the locations of the implanted
thermode and electrodes.

éhe change in rectal iemperature during maintaining the
hypothélamic témperathre at 35°C for 2 hours,

A pathway for'alerting-an énimal to changes in its body

temperature., (See text.)
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TABLE 1

- THETA ACTIVITY BEFORE AND AFTER A CHMNGE IN HYPOTHALAMIC

TEMRPERATURE

I .. : L Tl"

RASZIT HEATING . . o COOLING

NUMBZR . . :
No. Trials Fheta in Theta in ‘ No. Trials Theta in Theta in
Ave:aged o Interval A JIntexrval B _Averaged Interval A Interval B

1 3 20 35 3 33 38

2 3 3 23 3 6 20

3 2 33 ad 3 18 : , 31

4 3 43 56 4 35 T 47

5 4 21 27 3 30 - 57

6 3 25 31 3 35 - 53

Notes:

sos noted at Tl laivl

denoted interval A, was

1."when the hypothalamic temperalure began to change the time
the recérds. The 60 second interval just prior to Tl,
scanned to detexmine what‘portion of that interval had a theta rhyﬁhm. Tﬁat is,
for each second of the interval if 4 ox more peaks were present at a 4~7 Hz
rﬁythm, that one second inﬁerval was scored as having theta activity.

2. A 60_sécond interval jﬁst after time él' denoted intexrval b, waéscannéito

determine what portion of that interval had a theta rhythm.

-

AT, B



TABLE 2
THETA ACTIVITY BEFORE AND AFTEZR A CHANGE IN HYPOTHALNMIC
TEMPERATURE IN A RABRIT WITH HYPOTHALAMIC TEMPERATURE 2°C

HIGHER OR LOWER THAN NORMAL

HEATING _ COOLING

Eypothal-
amic
Temp.
Trial = “Theta in  Theta in Trial Theta in ~  Theta in
Nuwmher  Interval A Interval B ‘Numbex Interval A Interval B
20C | 14 37 - 15 47
. abhove . — - 93 36 2 24 . 28
normal .
: 26 . 52
2°C 1 7 22 1 41 . 51
below 2 . 33 51 2 16 S 24
. normal ‘ : o
. Formal 1 33 52 . o 11 38
44 55 2 24 . 26
18 29
Notes:

i. When'the hypothalamic temperature began to change, the time was noted as Tl
on tﬁe records. The 60 second intgrval just pricr to Tl' denoted inteérval A,
was scanned to determine what portion of thgt intér;al gad—a theta rhythm.
That is,'for each second of the interval.if:4_or rore peaks were present at é
4—?AHz rhytﬁm, tﬁat cné seéond iﬂtervai éas'scored as having theta activity.

2. VA €0 second i@tgrval just after time Tl' denoted intexval B, was scanned to

determine what portion of that interval had theta rhythm,

RS



